The objective of this study was to investigate the response of sarcoplasmic proteins in bovine LM to low-voltage electrical stimulation (ES; 80 V, 35 s) after dressing and its contribution to meat tenderization at an early postmortem time. Proteome analysis showed that ES resulted in decreased (P < 0.05) phosphorylation of creatine kinase M chain, fructose bisphosphate aldolase C-A, β-enolase, and pyruvate kinase at 3 h postmortem. Zymography indicated an earlier (P < 0.05) activation of μ-calpain in ES muscles. Free lysosomal cathepsin B and L activity increased faster (P < 0.05) in ES muscles up to 24 h. Immunohistochemistry and transmission electron microscopy further indicated that lysosomal enzymes were released at an early postmortem time. Electrical stimulation also induced ultrastructural disruption of sarcomeres. In addition, ES accelerated (P < 0.05) the depletion of ATP, creatine phosphate, and glycogen, as well as a pH decline and the more preferred pH/temperature decline mode. Finally, ES accelerated meat tenderization, resulting in lesser (P < 0.05) shear force values than the control over the testing time. A possible relationship was suggested between a change in the phosphorylation of energy metabolic enzymes and the postmortem tenderization of beef. Our results suggested the possible importance of the activation of μ-calpain, phosphorylation of sarcoplasmic proteins, and release of lysosomal enzymes for ES-induced tenderization of beef muscle.
INTRODUCTION
Low-voltage electrical stimulation (ES) after dressing has been shown to accelerate the postmortem tenderization of beef muscles effectively (Hviid et al., 2009) , but the effectiveness varies greatly with individual carcasses . The cause of this variation has not been completely understood.
The accelerating pH decline is considered crucial when evaluating ES (Simmons et al., 2008) in that it induces early activation of μ-calpain (Rhee and Kim, 2001) , which is mainly responsible for meat tenderization during postmortem aging (Geesink et al., 2006) . Lysosomal enzymes were reported to be able to degrade myofi brillar proteins (Arakwa et al., 1967; Schwartz and Bird, 1977) , but their contribution to meat tenderization is still controversial.
The postmortem pH decline in muscle results from the accumulation of lactic acid produced from glycolysis, which is regulated by involving glycolytic enzymes (Clarke et al., 1980) that are, in turn, regulated by protein kinase or protein phosphatase (Randle, 1981; Singh et al., 2004) . Electrical stimulation may increase the partially reversible binding of some glycolytic enzymes to actin fi laments (Clarke et al., 1980 (Clarke et al., , 1984 Walsh et al., 1981; Jia et al. 2007 ). The increased affi nity of glycolytic enzymes could be caused by protein phosphorylation because it has been shown that some of the glycolytic enzymes bind to the muscle fi laments when they are phosphorylated (Sola-Penna et al., 2010) . However, few data are available on the protein phosphorylation of energy-metabolic enzymes, which probably has a certain relationship to meat quality.
The main objectives of this work were to explore the possible relationship of phosphorylation of sarcoplasmic proteins, activation of μ-calpain, and release of lysosomal enzymes to ES-induced meat tenderization.
MATERIALS AND METHODS
Animals were slaughtered commercially according to Council Regulation (EC) no 1099/2009. Animals had a rest at least for 12 h before stunning with a pistol.
Sampling
Nine Swedish Red Cattle, including 4 young bulls (average age: 22 mo) and 5 steers (average age: 33 mo), were slaughtered commercially, and low-voltage stimulation (direct current, 80 V, 35 s) was applied to the left sides at 30 min after stunning, in the same way for all carcasses, with equipment from the Danish Meat Research Institute (Hviid et al., 2009 ). The right sides were not stimulated and served as controls. Whole longissimus lumborum muscles between the 11th thoracic and the last lumbar vertebrae were removed from both sides immediately after stimulation and placed at approximately 10°C for 12 h to avoid cold shortening. The muscles were then transferred to 4°C.
Samples for biochemical analyses (approximately 5 to 10 g for each analysis) were taken immediately after stimulation (designated as 0 h) and at 3, 10, 24, 72, and 168 h postmortem, immediately snap-frozen in liquid nitrogen, and stored at −80°C. The specimens for transmission electron microscopy (TEM) were directly fi xed in 2.5% glutaraldehyde in 0.1 M PBS (pH 7.4). At 24, 48, 72, and 168 h, 4.0-cm-thick steaks were removed, vacuum packed, and frozen at −20°C for shear force (SF) measurement.
Quality Measurements
PH and Temperature Measurement. Muscle pH and temperature were measured immediately after stimulation (0 h) and at 1.5, 3, 7.5, 10, 14.5, 19 , and 24 h postmortem by a Knick SE 104 penetration electrode (Knick, Berlin, Germany) connecting with a Portamess 911 portable pH meter (Knick) and a Testo 110 needle-tipped thermometer (Testo, Lenzkirch, Germany), respectively. The pH and temperature data were fi tted with the following model, in which muscle pH and temperature were expressed as a function of time (Bruce et al., 2001) : measured pH t = pH u + a 1 e −k1t , and measured temperature temp t = temp fi nal + a 2 e −k2t , where pH t is pH at postmortem time, pH u is ultimate pH, and temp t is temperature at postmortem time. The constants a 1 , k 1 , a 2 , and k 2 were calculated according to measured pH and temperatures. After that, time (t 1 ) to pH 6.0 and time (t 2 ) to 20°C were calculated; delta t (Δt) was the difference between t 1 and t 2 .
SF. Warner-Bratzler SF values were measured as described previously (Lagerstedt et al., 2008) . Briefl y, frozen steaks were thawed at 4°C for 18 h and then cooked in a 72°C water bath until an internal temperature of 70°C was reached. During cooking, the internal temperature of each steak was tracked by 1 thermocouple (TC-1100, Pentronic, Gunnebo, Sweden). The cooked samples were chilled at 4°C for 18 h and then cut into about 12 minimum 30-mm-long strips, with a 10 × 10 mm cross-sectional area parallel to the fi ber direction. The strips were sheared using a Stable Micro Systems Texture Analyzer (HD 100, Stable Micro Systems Ltd., Godalming, UK) equipped with a Warner-Bratzler SF blade with a rectangular-shaped 11 × 15 mm cutting area. The SF value was designated as the peak force (N).
Activity of Cathepsin B and L, and μ-and m-Calpains
The activities of free and bound cathepsin B and L immediately after stimulation (0 h) and at 3, 10, 24, 72, and 168 h were determined in triplicate as described previously (Ertbjerg et al., 1999) . One unit of cathepsin B and L activity (U) was expressed as the amount of enzymes hydrolyzing 1 mmol of substrate Z-Phe-Arg-AMC (where AMC is 7-amino-4-methyl coumarin) per minute.
The activities of μ-and m-calpains immediately after stimulation (0 h) and at 3, 10, 24, 72 and 168 h were quantifi ed in triplicate in frozen samples by the caseinzymography method (Pomponio et al., 2008) . The ES and control samples were loaded intermittently in a time order. The density of the clear area on the normal gray image of Coomassie-stained gels denoting unautolyzed calpain activity was measured with LabScan (Amersham Bioscience, Uppsala, Sweden) and analyzed with Phoretix 1D software (Nonlinear Dynamics Ltd., Newcastle upon Tyne, UK). Quantifi cation of calpain activity was done by expressing the density of the bands from samples relative to the mean density of reference standards within each gel. The reference standard on each gel constituted an equivalent volume of all samples on the same gel.
Glycogen, Creatine Phosphate, and ATP determinations
Immediately after stimulation (0 h) and at 3, 10, and 24 h, glycogen, creatine phosphate (PCr), and ATP were determined in triplicate according to the procedures of Lowry and Passonneau (1972) with some modifi cations. For glycogen determination, 1-g quantities of samples were homogenized (UltraTurrax T25, IKA, Staufen, Germany) on ice in 10 mL of 0.6 M perchloric acid at 19,000 rpm for 2 × 30 s, with a 30-s break. The homogenate was centrifuged at 12,000 × g for 15 min at 4°C. The supernatant was adjusted to pH 5.0 by 5.4 M KOH. Glycogen in the supernatant (500 μL) was hydrolyzed by 1,000 μL of 0.5 mg/mL amyloglucosidase (70 IU/mg, Sigma-Aldrich, St. Louis, MO) in 0.2 M acetate buffer (pH 4.8) at 37°C for 2 h. The hydrolysis was stopped by adding 100 μL of 3 M ice-cold perchloride acid. The hydrolyte was centrifuged at 2,000 × g for 10 min at 4°C. The glucose concentration in the supernatant was determined by a glucose kit (Sigma-Aldrich, St. Louis, MO), and fi nally, glycogen content in muscle was calculated as glucose equivalents (millimoles of glucose per kilogram of fresh muscle).
For the PCr and ATP assays, samples were freezedried and then dissected to remove the blood, fat, and connective tissue under a microscope. The dried sample (1 to 2 mg) was extracted in 200 μL of 1.5 M perchloride acid on ice. The extract was centrifuged at 2,000 × g for 10 min at 4°C. A 150-μL quantity of the supernatant was then mixed with 150 μL of 2 M KHCO 3 and centrifuged at 2,000 × g for 10 min at 4°C. The PCr and ATP concentrations in the supernatant were determined as described by Lowry and Passonneau (1972) .
Immunohistochemistry
Frozen sections (25 μm) were cut from 0-and 24-h samples in a Leica 3500 cryostat (Leica, Wetzlar, Germany) and transferred to poly-L-lysine-coated slides and air-dried. The sections were rehydrated at room temperature for 5 min in PBS (50 mM, pH 7.2, the same as below), fi xed for 5 min in 5% trichloroacetic acid, rinsed for 3 min in PBS, and incubated for 20 min in 0.3% Tween in PBS. After blocking for 30 min in Image-iT FX signal enhancer (Invitrogen, Eugene, OR), the sections were incubated in primary antibody-goat polyclonal antibody to cathepsin B (Santa Cruz, Heidelberg, Germany), with a dilution of 1:100 in 2% BSA in PBS in a humidifi ed chamber for 1 h at room temperature. After incubation, the sections were washed 2 × 5 min in PBS and then incubated in secondary antibody, donkey anti-goat IgG, conjugated with Alexa Fluor 488 dye (Invitrogen; dilution 1:1,000) with Hoechst 33342 stain for nuclei labeling (Invitrogen, 1:1,000) and wheat germ agglutinin conjugated with Alexa Fluor 633 dye (Invitrogen, 1:1,000) in a humidifi ed chamber at room temperature for 1 h. A negative antibody control was performed by replacing the primary antibody with 2% BSA. The sections were rinsed for 3 × 5 min in PBS and then viewed on a Leica SP5 laser scanning confocal microscope. This analysis was performed in triplicate.
TEM
After fi xation, 40-μm sections were prepared and incubated for 1 h in Barka and Anderson (1962) medium to localize the lysosomal acid phosphatase. After 1 h of incubation, sections were rinsed, postfi xed, and stained. After dehydration, tissues were embedded in epoxy resins. Thin sections (0.5 μm) were cut on an ultramicrotome, stained with uranyl acetate and lead citrate, and viewed under a Hitachi H-7650 electron microscope (Hitachi, Tokyo, Japan).
Proteome Analysis
On the basis of glycogen, PCr, and ATP assays, 3 h was an important time point for energy metabolism. Thus, we compared phosphorylation of sarcoplasmic proteins, in particular energy metabolic enzymes, between the ES and control samples at 3 h. Two-dimensional (2D)-PAGE was performed with a mature technical protocol at the University of Copenhagen. Thus, no technical replications were used. The spot profi le and density analyzed by ImageMaster 2D Platinum software (GE Healthcare, Uppsala, Sweden) were very close on the 2 gels; thus, 1 gel was run for each sample.
Protein Extraction. Sarcoplasmic proteins were extracted as described previously (Lametsch et al., 2006) , with minor modifi cations. Briefl y, 1 g of muscle was homogenized with an UltraTurrax T25 homogenizer (IKA) in 6 mL of cold buffer containing 100 mM Tris, pH 8.3, Roche Complete and PhosStop protease inhibitor cocktail tablets (1 and 2 tablets per 25 mL, respectively; Roche Applied Science, Penzberg, Germany) for 2 × 30 s at 9,500 rpm and 2 × 30 s at 13,500 rpm with a 30-s cooling between bursts. The homogenates were centrifuged at 4°C for 20 min at 15,000 × g. The supernatant (sarcoplasmic fraction) was kept for further analysis. Protein concentration in the supernatant was directly determined at 280 nm with a Helios Omega UVvisible spectrophotometer (Thermo Scientifi c, Madison, WI) with 1 unit of absorbance representing a concentration of 1 mg of protein/mL. A 100-μL quantity of the sarcoplasmic fraction was then precipitated for 1 h on ice in 900 μL of 10% trichloroacetic acid in 80% acetone. After centrifugation at 4°C for 30 min at 10,000 × g, the pellet was washed in 200 μL of 80% acetone and incubated for 15 min on ice and centrifuged again. The fi nal pellet was sonicated in reswelling buffer [7 M urea, 2 M thiourea, 1% (wt/vol) dithiothreitol] for 6 × 15 s and then shaken at 4°C for 1 h. 2D Electrophoresis. Protein separation was done according to Lametsch et al. (2006) with some modification. Briefl y, the reswollen samples were mixed with rehydration buffer Staining and Visualization. Before staining, gels were fi xed overnight in 120 mL of fi xative [50% (vol/ vol) ethanol, 10% (vol/vol) acetic acid] with a change at 0.5 h, and then washed for 10 min in 120 mL of ultrapure water with 3 changes. After fi xation, all gels were fi rst stained with a phosphor-specifi c stain (ProQ Diamond) according to the manufacturer's instructions (Invitrogen). The gels were visualized with a Typhoon scanner (GE Healthcare) with the fl uorescence mode under a fi lter of 532 nm, 580 band-pass, 532-nm laser, and 500 V with normal sensitivity. The gels were then stained by a nonselective stain (Sypro Ruby) according to the manufacturer's instructions (Invitrogen). The gels were visualized with a Typhoon scanner (GE Healthcare) with the fl uorescence mode under a fi lter of 532 nm, 610(30) band-pass, 532-nm laser, and 470 V with normal sensitivity.
Image Analysis. Spots on 2D electrophoresis (2DE) gels were quantifi ed with ImageMaster 2D Platinum software (GE Healthcare). Spot pI and molecular weights (Mw) were estimated by a protein marker (161-0317, BioRad) and the pI range of strips. The pI and Mw ranges close to the estimated pI/Mw were input into the Swiss-2DPAGE database (http://www.expasy.ch/ch2d/) and all possible proteins were listed. The protein closest to the estimated pI/Mw was considered as needed. The intensity of each spot was expressed as its actual intensity relative to the total intensity of the gel.
In-Gel Digestion, Peptide-Mass Mapping, and Protein Identifi cation. On 2DE gels, 11 spots of interest were in-gel digested and desalted as described previously (Lametsch et al., 2006) . The mass spectrometry (MS) and MS/MS analyses were carried out by use of matrixassisted laser desorption/ionization time-of-fl ight/timeof-fl ight MS using an ABI 4800 MS instrument (Applied Biosystems, Carlsbad, CA). External mass calibration was applied using a tryptic digest of β-lactoglobulin (m/z 837.48 and 2,313.26). Peak lists were generated using Data Explorer (Applied Biosystems). A Mascot MS/MS ion search (Matrix Science Inc., Boston, MA; http://www. matrixscience.com) was used to search for matching protein sequences within the Swiss-Prot databases (Swiss Institute of Bioinformatics, Lausanne, Switzerland; http:// www.expasy.ch/sprot/). The mass tolerance was limited to 70 mg/kg for peptide mass fi ngerprinting and to 0.6 Da for peptide sequence data. Proteins with signifi cant (P < 0.05) Mascot protein scores were regarded as possible candidates for identifi cation.
Statistical Analyses
The effects of ES and postmortem time on the measured variables were evaluated using a mixed-model ANOVA in which the measured variables were set as dependent variables; time, treatment, and time × treatment were fi xed effects; and animal was a random effect. The pairwise differences between least squares means were evaluated by the Bonferroni method. The data on the pH/temperature decline (t 1 , t 2 , Δt) and 2DE were compared between ES and control muscles by paired t-test. The analyses were performed using SAS (SAS Inst. Inc., Cary, NC).
Partial least squares regression models were applied to evaluate the relationships among SF, m-and μ-calpain activities, free and bound cathepsin B and L activities, pH, temperature, ATP, PCr and glycogen contents, and spot intensities on 2DE gels. Before modeling, all dependent and independent variables were standardized by multiplying by 1/SD, and 4 components were selected. The models were fully cross-validated. These analyses were performed in the Unscrambler X (CAMO software AS, Oslo, Norway).
RESULTS

ES Accelerated Meat Tenderization
Shear force measurement showed that ES accelerated meat tenderization, with ES muscles having much less SF (P < 0.001; Figure 1A ) than control muscles at 24 h. For control muscles, tenderization mainly occurred between 24 and 48 h (P < 0.05). However, ES muscles were still more tender than control muscles at 168 h (P < 0.05).
ES Accelerated Activation of Proteolytic Enzymes
μ-and m-Calpains. On zymography gels, the density of μ-calpain in ES muscles decreased signifi cantly (P < 0.05; Figure 1B and 1C) between 0 and 10 h, but the density of μ-calpain declined slowly in control muscles and did so signifi cantly (P < 0.05) until 24 h. This indicates that μ-calpain was activated earlier in response to ES. However, the density of the clearing zone for μ-calpain in ES samples at 72 h had declined to 9.54% of the at-death value and was no longer measurable at 168 h ( Figure 1C ). As shown in Figure 1C , density of m-calpain did not seem to change with either treatment or time, and no signifi cant differences were observed among treatment × time subgroups (P > 0.05, data not shown), indicating that neither ES nor postmortem time had much infl uence on m-calpain activity.
Cathepsin B and L Activity. Compared with control muscles, ES muscles had a faster increase in free cathepsin B and L activity and reached a maximum earlier (24 vs. 72 h, P < 0.05; Figure 2A ). Correspondingly, ES resulted in slightly less bound cathepsin B and L activity up to 24 h, but there was no signifi cant difference between the ES and control muscles (P > 0.05; Figure  2B ). This indicates that ES accelerated the release of lysosomal enzymes early after stimulation.
Release of Lysosomal Enzymes. Laser scanning confocal microscopy confi rmed the release of cathepsin B in the fi rst 24 h. At 0 h, fl uorescence staining for cathepsin B could be clearly detected at the periphery of the skeletal muscle fi bers ( Figure 2C and 2D) , but a much less positive signal was left at 24 h ( Figure 2E and 2F).
On TEM images, another lysosomal enzyme, acid phosphatase, was observed to be released from a lysosome ( Figure 2G ) in the control muscles at 24 h. In addition, few acid phosphatase molecules appeared between myofi laments at 0 h in either ES or control muscles ( Figure 2H and 2I ), but more acid phosphatase (based on the number of stained spots) appeared at 24 h ( Figure  2J and 2K), which at least partially explained the disappearance of lysosomal enzyme at 24 h on confocal microscopy images.
ES Induced the Formation of Contraction Nodes
Electrical stimulation-induced contraction nodes were observed in some regions of the myofi brils at 0 h ( Figure  2G) . At 24 h, Z-lines, in particular those over contraction nodes, were weakened or even disappeared ( Figure 2I ). In ES muscles, the average length of contracted sarcomeres was less than that of noncontracted sarcomeres (1.42 vs. 1.78 μm; P < 0.05), and the latter was not signifi cantly different from the average sarcomere length of control muscles (1.78 vs.1.73 μm; P > 0.05).
ES Accelerated pH Decline and Energy Depletion
Electrically stimulated muscles had a decreased initial pH value immediately after stimulation and had an earlier onset of ultimate pH (P < 0.05; Figure 3A ) and a shorter time (P < 0.001; Figure 3C ) to attain pH 6.0 (t 1 ). At 14.5 h, there was no signifi cant difference (P > 0.05; Figure 3A ) in pH value between ES and control muscles. However, ES resulted in a slightly greater temperature at 3 h (P < 0.05; Figure 3B ) and a longer time (P < 0.001, Figure 3C ) to attain 20°C (t 2 ). As a result, ES muscles had a more acceptable pH/temperature decline mode (Δt; P < 0.001; Figure 3C ) because meat would be tender if Δt were close to 0 during carcass chilling (Thompson, 2002) .
Electrical stimulation caused reduced concentrations (P < 0.05) of ATP, PCr, and glycogen immediately after stimulation compared with control muscles ( Figure 3D , 3E, and 3F, respectively). The ATP was completely depleted at 10 h in ES muscle, but it was 24 h for control muscles ( Figure 3D ). The PCr was completely depleted at 3 h in ES muscles, but it was 10 h for control muscles ( Figure 3E ). Faster ATP and PCr depletion seemed to correspond to a slightly greater temperature in ES muscles, but faster glycolysis corresponded to a faster pH decline.
ES Decreased Phosphorylation of Energy Metabolic Enzymes
On 2DE gels, several hundred spots were detected, but attention was paid to only 75 visible spots with the parameters of smooth of 2, minimum area of 6, saliency of 50, and appearing on both ProQ Diamond-and Ruby Sypro-stained gels. The 75 selected spots were estimated to be 32 proteins via the Swiss 2D-PAGE database (http://www.expasy.ch/ch2d/). Spots with a Mw range between 45 and 66.2 kDa showed relatively great intensity on both ProQ-and Sypro-stained 2DE gels ( Figure  4A and 4B) .
The intensities of 11 spots on either ProQ-or Syprostained gels were signifi cantly affected by ES (P < 0.05). These spots were further identifi ed by matrix-assisted laser desorption/ionization time-of-fl ight MS. They were pyruvate kinase (KPYM, spot 1), β-enolase (ENOB, spots 2, 3 and 4), creatine kinase M chain (KCRM, spots 5 and 6), fructose-bisphosphate aldolase C-A (ALDOA, spots 7 and 8), phosphatidylethanolamine-binding protein 1 (spot 9), cofi lin-2 (spot 10), and ATP synthase subunit β (mitochondrial precursor, ATPB, spot 11; Table 1 ).
Electrical stimulation decreased (P < 0.05; Table 2 ) the intensities of KPYM (spot 1), KCRM (spots 2, 3, and 4), ENOB (spots 5 and 6), and ALDOA (spots 7 and 8) on ProQ-stained gels, but there were no signifi cant differences (P > 0.05; Table 2 ) in intensities of these proteins on Sypro-stained gels.
On the other hand, ES increased (P < 0.05; Table  2 ) the intensities of phosphatidylethanolamine-binding protein 1 (spot 9), cofi lin-2 (spot 10), and ATPB (spot 11) on Sypro-stained gels, but there were no signifi cant differences (P > 0.05; Table 2) in intensities of these proteins on ProQ-stained gels.
Multivariate Analysis
Three partial least squares regression models were included to explain the relationships among the measured variables. In all models, the fi rst and second components were used because they accounted for the majority of variations in dependent variables (Table 3 ). All models were optimized by removing the variables that did not contribute to the models at the signifi cance level of 0.05.
Model A was applied to establish the relationships of postmortem energy metabolism, pH, and temperature decline with enzyme activation to meat tenderization ( Figure 5A ). Variations in SF at 24 h (SF 24 ) could be explained by μ-calpain at 10 and 24 h; free cathepsin B and L activity at 0, 3, 10, and 24 h; the pH/temper- ature decline mode (pH values up to 19 h, pH 10_24 , t 1 and Δt); ATP content at 0 and 3 h; and PCr content at 0 and 3 h. However, variations in SF values at 48, 72, and 168 h (SF 48 , SF 72 , and SF 168 ) were explained mainly by μ-calpain at 72 h; free cathepsin B and L activity at 0, 3, 10, and 24 h; and ATP content at 10 h. The SF differences between control and ES muscles did not seem to be explained well by this model. These indicate that early postmortem changes in energy metabolism, pH decline, and activation of proteolytic enzymes may be responsible for ES-induced meat tenderization.
Model B was applied to establish the relationships of postmortem energy metabolism, pH, and temperature decline with activation of proteolytic enzymes ( Figure 5B ). Variation in μ-calpain activity at 3 h could be explained mainly by pH at 0 h and glycogen concentration at 3 h, and variations in μ-calpain activity at 10 and 24 h could be explained mainly by pH up to 19 h, t 1 , and Δt. Glycogen content at 3 and 10 h, pH at 0 and 19 h, and temperature at 10 and 14.5 h had a great contribution to free cathepsin B and L activity at 3, 10, and 24 h. Temperature at 1.5 and 3 h, the temperature change between 3 and 10 h, and pH change between 0 and 3 h accounted for the majority of bound cathepsin B and L activity. These indicated that pH decline at an early postmortem time may be responsible for the activation of μ-calpain and the release of lysosomal cathepsin B and L.
Model C was applied to establish the relationships of intensities of identifi ed energy metabolic enzymes on ProQ-and Sypro-stained gels with energy depletion and pH decline ( Figure 5C ). Intensities of KPYM, ENOB 1 , ENOB 2 , ENOB 3 , KCRM 1 , KCRM 2 , ALDOA 1 , and ALDOA 2 on ProQ-stained gels accounted for the majority of variation in ATP at 0 and 3 h; glycogen content at 0, 3, and 10 h; pH values at 0, 3 and 10 h; and pH decline between 0 and 3 h (pH 0_3 ), between 3 and 10 h (pH 3_10 ), and between 10 and 24 h (pH 10_24 ). This indicates that the amount of phosphorylation of energy metabolic enzymes may be related to postmortem energy metabolism and pH decline. 
DISCUSSION
During stimulation, large amounts of ATP, PCr, and glycogen were consumed for the excitation and contraction cycles, and as a result, ATP, PCr, and glycogen contents were less in ES muscles than in control muscles at 0 h, which is in agreement with the results of Walsh et al. (1981) .
Of 11 spots identifi ed, KPYM, ENOB, KCRM, and ALDOA were energy metabolic enzymes (Clarke et al., 1980) . Electrical stimulation induced decreased phosphorylation of KPYM, KCRM, ENOB, and ALDOA on ProQ-stained gels. This could be attributed to dephosphorylation or the binding to actin fi laments of these energy metabolic enzymes. At a very early postmortem time, decreased ATP content and Ca 2+ release caused by ES could activate phosphatase activity and accelerate the dephosphorylation of glycolytic enzymes (Randle, 1981) . The energy metabolic enzymes have been shown to have several phosphorylation sites (for example, creatine kinase, ENOB, and KPYM have 6 or more phosphorylation sites), and the enzymes would be activated only if some specifi c sites were phosphorylated (Højlund et al., 2009) . Dephosphorylation would cause an increase in activities of these enzymes (Randle, 1981) . On the other hand, ES may induce more glycolytic enzymes to bind to actin fi laments (Clarke et al., 1980; Singh et al., 2004) ; thus, their remaining amounts and activities in the sarcoplasm would be less (Parra and Pette, 1995) . However, the amounts of these proteins on Sypro-stained gels were not signifi cantly different between the ES and control samples. The cause of this needs further investigation. In addition, the 2DE gels showed more than 1 spot for KCRM, ENOB, and ALDOA, which had the same Mw but different pI. This may be related to phosphorylation or postexpression modifi cation (Bouley et al., 2004) .
The postmortem pH/temperature decline mode has been shown to be extremely crucial for meat tenderization (O'Halloran et al., 1997; Thompson, 2002) . In the present study, ES caused decreased initial pH and a slightly greater temperature at an early time, concomitant with an almost equal time to reach pH 6.0 (t 1 ) and 20°C (t 2 ). Muscle pH and temperature were also shown to be very important for activation of μ-calpain, probably by increasing Ca 2+ release and the release of lysosomal enzymes, as suggested in previous studies (Dutson et al., 1980; Koohmaraie, 1992) . For example, in non-ES ovine muscle, the free Ca 2+ concentration was shown to be approximately 110 μM at pH 5.5 (Hopkins and Thompson, 2001) , which is enough to activate μ-calpain (Geesink et al., 2006) . When ES was applied, fast ATP depletion and a pH decline at a relatively high temperature would be expected to induce a rapid increase in free Ca 2+ concentration and thus result in early activation of μ-calpain.
The present study indicated the importance of μ-calpain for meat tenderization. In addition, free cathepsin B and L activity in muscle rapidly increased in ES muscles up to 24 h, and immunohistochemistry further suggested that lysosomal enzymes could be released at an early postmortem time. We therefore speculate that lysosomal enzymes may participate in ES-induced tenderization at an early postmortem time. The disappearance of the cathepsin B signal on confocal microscopic images at 24 h could be explained by several reasons. Alterations of its antigen epitopes could The greater is the cumulative variance explained in both steps, the better is the model. 2 Model A: SF i = shear force value at i h; SF ic_t = shear force difference between control and electrically stimulated muscles at i h. Model B: pH i = pH value at i h; pH i_j = pH difference between i and j h; G_ i , glycogen content (glucose equivalent) at i h; ATP_ i , ATP content at i h; PCr_ i , creatine phosphate concentration at i h. Model C: calu i = μ-calpain activity at i h; cats i = free cathepsin B and L activity at i h; catm i = bound cathepsin B and L activity at i h. ) . In all models, red diamonds are dependent variables (Y), blue diamonds are independent variables (X). ATP i , PCr i , G i = concentrations of ATP, creatine phosphate, and glycogen (i = 0, 3, 10, and 24); pH i , temp i , pH j_k , temp j_k = pH, temperature, and their difference between 2 time points (i = 0, 1.5, 3, 7.5, 10, 14.5, 19, and 24 ; j = 0, 3, and 10; k = 3, 10, and 24); t 1 , t 2 , Δt = times to attain pH 6.0, 20°C, and their difference. SF i and SF ic_t = shear force values and the differences between control and ES muscles (i = 24, 48, 72, 168) ; calu i , cats i , catm i = activities of μ-calpain and free and bound cathepsin B and L (i = 0, 3, 10, 24, 72, 168) ; KPYM _p , ENOB 1_p , ENOB 2_p , ENOB 3_p , KCRM 1_p , KCRM 2_p , ALDOA 1_p , and ALDOA 2_p = intensities of pyruvate kinase, β-enolase, creatine kinase M chain, and fructose-bisphosphate aldolase on ProQ-stained gels (Invitrogen, Eugene, OR; corresponding to spots 1 to 8 in order). Model A, relationships of enzyme activities, pH/temperature decline, and energy to shear force (n = 18 for SF i , and 9 for SF ic_t , where SF i is the shear force value and SF ic_t is the difference between control and ES muscles). Model B, relationships of pH, temperature, ATP, creatine phosphate, and glycogen concentrations to enzyme activation (n = 18). Model C, relationships of intensities of the 8 identifi ed spots of energy metabolic enzymes on gels to pH, ATP, creatine phosphate, and glycogen concentrations (n = 8). Color version available in the online PDF. take place because of the pH change (Hayat, 2002) when it was released from the very acidic lysosomes (pH 4 to 5; Kirschke and Barrett, 1987) to the weakly acidic cytoplasm (around pH 5.5). Another possibility is that the released enzymes were extensively scattered and gave much weaker responses to antibodies; thus, very few signals could be visible or the enzymes were simply washed off the sections during the staining procedure. The TEM confi rmed that lysosomal enzymes were released and localized between myofi laments at 24 h. It is worth noting that lysosomal enzymes were slowly released and redistributed in control muscles; thus, any role in meat tenderization at an early postmortem time would be minimal, in accordance with the large SF values observed at 24 h for control muscles.
The protease activities in the present study were measured on samples that had been snap-frozen in liquid nitrogen and stored at −80°C. We cannot exclude the possibility that this procedure may have affected the amount of protease activity. However, the reported differences between ES and control samples for calpains and cathepsins and the relative changes during storage are valid because all samples were snap-frozen. In addition, Dransfi eld (1996) reported that the amount of μ-calpain in fresh muscle was unaffected by freezing at −70°C if the sample was thawed in extraction buffer, and Kristensen et al. (2006) observed that the activities of the calpain system were stable during frozen storage of the meat at −80°C as well as at −20°C.
The formation of contraction nodes could be related to the release of cofi lin. Normally, cofi lin binds with actin-depolymerization factor to F-actin and mediates depolymerization of F-actin (Rueckschloss and Isenberg, 2001) . We hypothesize the following scenario: ES stimulates contraction and at the same time triggers actin polymerization, resulting in the development of tension and the formation of contraction nodes. In response, there is increased expression of cofi lin, which in turn acts to depress tension development by mediating the depolymerization of F-actin. In addition, few F-actins would be available when force-generating cross-bridges are formed during contraction (Moss et al., 1995) . Therefore, a slightly greater amount of free cofi lin in the sarcoplasmic fraction on 2DE gels suggests that more cross-bridges were formed in ES muscles, and great tension would have been produced between sarcomeres when these force-generating cross-bridges were formed (Moss et al., 1995) .
In conclusion, ES accelerated meat tenderization at an early time, probably by inducing a reduced amount of protein phosphorylation, faster energy depletion and pH decline, earlier activation of μ-calpain, earlier release of lysosomal enzymes, and the formation of contraction nodes. This study emphasizes the importance of μ-calpain activation and the possible contribution of the release of lysosomal enzymes to ES-induced tenderization of beef muscle. The contribution of the phosphorylation of sarcoplasmic proteins to meat tenderization needs further investigation.
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